A small field, high resolution γ-Camera system dedicated to radiopharmaceutical research and other clinical SPECT (Single Photon Emission Computed Tomography) applications is currently being developed in our group. The system is equipped with the 3" HAMAMATSU R2486 Position Sensitive PhotoMultiplier Tube (PSPMT) with a 16X+16Y-crossed wire anode and various pixelated and homogeneous scintillation crystals. Planar images are created from the recorded charge signals by applying the resistive chain technique. The main part of this work focuses on the development of new correction methods for the improvement of the spatial resolution and the uniformity of the γ-Camera. The spatial distortion correction technique is based on lookup tables with the coordinates of reference points which are selected during the calibration phase of the system for a given set of collimator and scintillation crystal. The applied algorithm incorporates 2D-interpolation techniques and has been developed on a full automated graphics environment making use of the HIGZ (High Level Interface to Graphics and ZEBRA) program libraries from CERN. Both correction methods for the spatial distortion and non-uniformity have been applied to phantom images using several combinations of small capillaries filled with water solution of 99m T c. Comparative studies are shown on planar images for different phantom geometries. The method is also extended to tomographic images and the obtained SPECT improvement in resolution is discussed.
Introduction
In nuclear medicine, many small field, high resolution γ-Camera systems based on PSPMT have been recently developed [1] [2] [3] [4] . Their advantages over commercial γ-Camera systems (better spatial resolution, lower cost, light weight) justify their demand for imaging either of small human body organs or of small animals. However, the existence of spatial distortions and non-uniformities are very common problems in images from small field systems [5] [6] [7] . These problems result in a weakening of the quality and the clinical value of the image. It is thus very important to develop correction methods in order to overcome these problems. For this reason, several methods for correcting distortions have been recently investigated [8, 9] .
The novel method presented here corrects offline, event by event, the spatial distortions of planar images. It makes use of a reference table, whose elements are derived from a calibration planar image after irradiation of the crystal in use with a 60 Co point source and by extracting the (x,y) reference-coordinates of selected pixels from this image. Based on this technique, we can calculate the nominal coordinates of all detected data points and consequently to repair spatial distortions and non-uniformities of the raw-images. In the following, the correction method is presented with experimental results from phantom planar images, which is also extended to SPECT tomographic data. Both, uncorrected and corrected results are shown for comparison and the obtained improvement in the spatial resolution and uniformity is discussed.
The γ-Camera System
The main components of the γ-Camera system, which has been developed in our Laboratory, are a 27 mm thick parallel-hole collimator from lead, a 4 mm thick pixelated CsI(Tl) scintillator crystal and a Position Sensitive PhotoMultiplier Tube (PSPMT), model HAMAMATSU R2486 [10] . The 3" in diameter cylindrical photomultiplier tube is composed of a Bialkali photocathode, a 12-stage coarse mesh dynode structure and 16X+16Y crossed-wired anodes arranged into two orthogonal groups. The anode output wires are connected to a resistive current divider network so that the number of the readout signals is reduced to four analogue signals (X A , X B , Y C , Y D ). Both the energy and the position of the incident γ-rays can be reconstructed from these four signals [11] . The readout system comprises a fast Analogue to Digital Converter (ADC) on a PCI card (PCI-9812 ADLink) [12] , with four single ended input channels simultaneously running with a maximum sampling rate of 20 MHz. The whole digitizing and data acquisition system is controlled by software developed on the LabVIEW environment. 
The Correction Algorithm
The reference planar image that was acquired after irradiation of the system, without using the collimator, with a 60 Co point source situated at a distance of 10 cm far from the crystal surface and after the offline cutoff of the lowenergetic photons, is shown in Fig. 1 . The squared 1 × 1mm 2 pixels of the crystal are clearly visible in this planar image. The observed spatial distortion, known as barreloid distortion, is also clearly shown near the peripheral region of the γ-Camera's effective Field of View (FOV).
The method used to correct this distortion problem is mainly based on a 2-dimensional interpolation technique using a reference table with well predefined nominal coordinates. Since the geometry and the orientation of the pixelated crystal in use is accurately known, a number of selected pixels and their coordinates can be extracted from this reference image and stored in the correction table. A graphical programme has been developed in FORTRAN language and linked to the HIGZ (High level Interface of Graphics and ZE-BRA) package from CERN. The user can easily select any number of pixels and the known coordinates are automatically stored in a lookup table for further usage. The developed package incorporates also the routines needed for the planar interpolation and correction of any detected point.
According to this method, schematically described in Fig.2 , a detected point at (u i , v j ) is mapped to the new corrected position (x i , y j ) according to the interpolation function G: 
nearest to the detected one. The algorithm applies on a event-by-event basis and can be used offline to extend a measured data-file to contain also the corrected coordinates.
The result of the method applied to the planar image with the 60 Co point source and the pixelated crystal, which is used as a reference, is depicted in Fig.3 . Uncorrected and corrected images are shown together for comparison. It is clear that the spatial distortion has been drastically corrected and the barreloid distortion eliminated. In addition, distances in the corrected frame are measured in mm instead of the original system's units (-1.0, +1.0) that appear at the raw image reconstruction.
Moreover, non-uniformity of the photon intensity observed in planar images (as shown in the right part of Fig.1) can also be corrected. With an appropriate binning scheme, multiplication factors, inversely proportional to the measured photon intensity, are stored in a reference density matrix. This matrix can be later applied to any reconstructed planar image to balance the intensity caused by the inhomogeneous efficiency of the system.
SPECT Imaging
The effect of the previously described corrections to the SPECT imaging has been also studied. Data are collected with the full functioning γ-Camera system for a rotating phantom shown in Fig.4 . The phantom consists of four thin capillaries (1.2 mm outer diameter) filled with 99m T c solution and placed to form an orthogonal square prism. Twelve planar images are acquired in steps of 15 degrees by applying the described spatial correction and uniformity techniques. Tomographic images are reconstructed using custom made algorithms based on the Maximum-Likelihood Expectation-Maximization (MLEM) method.
Corrected and uncorrected tomographic images for two different tomographic levels are presented in Fig.5 . As expected, spatial distortion and non-uniformity seem to be greater at the periphery than at the central regions of the Field of View (FOV). No differences are observed between the corrected and uncorrected planar images for cuts near the center. Finally, 3D reconstructed images, corrected and uncorrected, of the same phantom are depicted in Fig.6 the barreloid distortion, at the uncorrected level the capillaries appear to be curved, while the applied corrections improve adequately the image quality.
Concluding Remarks
The developed correction methods for the spatial distortion and the nonuniformity which appear in the planar images of the small field γ-Camera system have been successfully applied to phantom images. Comparative measurements studied so far show indisputably the overall improvement of the image quality on the planar and the tomographic level. Further investigations and the quantification of the image resolution and uniformity are under way. Future use of these techniques on a clinical level is also planned. 
